Abstract-Two asymmetric carbon hollow fiber membranes were prepared and tested from low, atmospheric, to high pressures, up to ~56 bars, CO 2 permeance measurements. Both membranes were produced via pyrolysis, at inert environment, at 1050 o C, while the one was activated with CO 2 at the higher pyrolysis temperature. The carbon dioxide was chosen for the permeance performance of the studied membranes. A maximum in the permeance versus equilibrium pressure curve is observed in the case of CO 2 . This phenomenon has close analogy to the case of mesoporous membranes. The result shows that the CO 2 provides a maximum in the permeance values. This weakens considerably as the membrane ultra-microporosity is increased. The high pressure permeability study may be potentially useful for the identification of the optimal pressure and temperature conditions for efficient gas separations.
have seemingly reached a limit in the productivity-selectivity tradeoff despite the concentrated efforts to tailor polymer structures to change separation properties [10, 11] .
One of the main targets for the membrane development is the production of robust membranes with higher both selectivities and permeabilities [12] . To this end the evaluation of the permeation behavior of the membranes at a wide range of pressures is imperative. However, the works, which are referred in the literature relevant to the effect of the working pressure on the permeation and separation properties of both inorganic and polymeric membranes, are limited. In the case of polymeric membranes the plasticization phenomenon during the CO 2 presence has been studied mainly for glassy polymers [13] such as polyimide and blends membranes. For example, Kapantaidakis et al. reported that in ultra-thin asymmetric PI and PS/PI blends hollow fibers show accelerated pure CO 2 plasticization phenomena and subsequent reduction of the ideal CO 2 /N 2 permselectivity. On the other hand, in the case of CO 2 /N 2 binary mixture permeation, the plasticization behavior is suppressed due to competitive sorption of N 2 [14] . Permeability measurements through mesoporous media have been published exhibiting a maximum at some relative pressure, a fact that has been attributed to the occurrence of capillary condensation in the main body of the mesopores [15] [16] [17] . Maximum at permeability values were also observed by Katsaros et al. where two microporous carbon membranes were studied, with a pore size of about 8 Å each, in the case of CO 2 at 310 K. The maxima on CO 2 permeability were observed at 37 and 28 bar for Membrane 1 and Membrane 2 respectively [18] .
In the current study two carbon membranes, carbon hollow fiber membranes were tested with CO 2 permeance experiments at 307 K. The experiments took place at pressures from 1 bar up to ~56 bars. At both cases the differential permeance experiments show that the increase of the equilibrium pressure has positive action on the permeance coefficients until a critical pressure where the increase of the equilibrium pressure has negative action on the carbon dioxide permeance coefficients. This behavior results to the optimum operating pressure where these membranes can be used for the maximum CO 2 separation factors. 
A. Membrane Preparation
The studied membranes were prepared by carbonization at controlled environment of asymmetric polyimide hollow fiber precursors membranes. The maximum pyrolysis temperature was 1323 K at both cases. In the case of M3 membrane an extra stream of pure CO 2 was applied at the higher temperature for 1 min. More details relevant to the materials preparation and their physicochemical characterization were described previously [19] .
B. Permeance Experiments
All the permeance measurements occurred in a metal closed type apparatus described previously [20, 21] . The up limit of the apparatus is 60 bars while the instrumentation is equipped with high sensitive pressure transmitters making capable the experiments at the high vacuum.
III. RESULTS AND DISCUSSION
In the current work we choose the CO 2 as the studied gas because of the very important role which has as an environmental pollutant as well as because it is a molecule with high interest as industrial gas for many applications, especially at pressures more than the atmospheric conditions [22, 23] . The carbon dioxide is a gas with linear configuration with highly scientific and industrial interest thanks to their unusual physical properties (see Fig. 1 ). In specific the density of the CO 2 can vary importantly even with slight change of the pressure and temperature. In Figure 1 approximate molecular dimensions of CO 2 are shown. These dimensions were estimated using published force fields for molecule-molecule interactions [24, 25] . Using the CO 2 as the gas for our permeance experiments we choose to work at a temperature slightly higher than the critical temperature of the CO 2 . A good tool for the approximation and the evaluation of the optimum "working" pressure of a membrane is the differential permeability experiment. By this way we can predict the pressure where the membrane giving the best selectivity coefficients, in a wide range of pressure, from mbars up to the instrument limits (in our case up to 60 bars). In this kind of experiments first the membranes evacuated and the first gas permeance measurement took place at low feed pressure, 1 bar. Following the membranes are equilibrated at the same pressure (0-55.64 bar) on both sides.
At a next step the membranes are isolated from the gases tanks by closing all the references valves and the high pressure section is pressurized to approximately 1 bar higher than the low pressure section. Subsequently, the valves adjacent to each membrane are opened and gas is allowed to permeate through the porous structure while the pressure increasing is monitored by the differential pressure manometer [18] . The CO 2 permeances at each equilibrium pressure are presented in Table 1 . As we can see in Table 1 the permeance coefficients starts from the 31.8 and increase up to 412.9 GPU in the case of M1 membrane while the M3 membrane, which presents higher permeance coefficients, performs CO 2 permeance of 120 GPU at equilibrium pressure of 1 bar and the higher permeance of 765 GPU occurred at 33 bars.
The studied membranes are two carbon hollow fiber membranes with extended microporous structure. On the other hand, as we have investigated in our previous work [19] , both membranes present porosity in the mesoporous region. In addition, the separating layer of the M3 membrane contains mesopores with size above 34 nm, whereas for the M1 membrane the coexisting mesopores are smaller than 3.5 nm. This difference in the pore size of the membranes is reflected on the Figure 2 , where is clear that the membrane with the bigger pores (M3) occurs a maximum at the permeance at 32 bar and the increase of the pressure resulting in decrease of the permeances. This is because of the decrease of the diffusion of the CO 2 due to In Figure 2 the increase factor-pressure plot describes the effect of the equilibrium pressure on the CO 2 permeation properties at 307 K, temperature higher than the critical temperature of the CO 2 , T C(CO2) = 304.107 K [28] and at a wide range of pressures, from 1 up to ~55 bar (1 ≤ P ≤ 56 bar). As we can see both membranes present a maximum permeance increasing at the pressure of 32 bars while at the pressure of 14.5 bar a small-instant peak was observed at both cases. This small "unstable" increase of the permeance at this low equilibrium pressure probably becomes due to the rearrangement of the linear gas molecule according to the better molecule packing into the pores. In the case of M1 membrane the increase factor is about twofold that in the case of M3 membrane as well as a plateau on the permeance values was observed at pressures higher than 35 bars.
IV. CONCLUSION
The present study, we have performed CO 2 permeance measurements at 307 K for two microporous carbon hollow fiber membranes and at pressures up to ~56 bars. The differential permeance measurements show that there is a pressure at each membrane where the CO 2 permeance coefficient presents maximum values. This phenomenon could be explained by taking into consideration the strong differences in the CO 2 densities during the increase of the pressure. At 307 K, temperature above the critical temperature of the studied gas (Tc = 304.107 K), the CO 2 is able to form a liquid like phase. According to the shape, the size and the pore network the pressure, where the carbon dioxide molecules have the maximum mobility, has changed. In our cases the pressure with the maximum permeance coefficients is 32 bars for both M1 and M3 carbon hollow fiber membranes. This result can be of significant importance for determining the optimum operating conditions and indicates possible uses of the microporous carbon membranes in specific CO 2 separation applications by supercritical liquefaction.
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